A commercial hydrotreating nickel molybdate/alumina catalyst was used for the direct conversion of natural gas (NG) into CO x -free hydrogen and a co-valuable product of multi-walled carbon nanotubes (MWCNTs). The catalytic runs were carried out atmospherically in a fixed-bed flow reactor. The effect of reaction temperature between 600 and 800°C, and dilution of the NG feed with nitrogen as well as pretreatment of the catalyst with hydrogen were investigated. At a reaction temperature of 700°C and dilution ratio of NG/N 2 = 20/30, the optimum yield of H 2 ($80%) was obtained with higher longevity. However, using the feed ratio of NG/N 2 = 30/20, the optimum yield of MWCNTs was obtained (669%). X-ray diffraction pattern for the catalyst after the reaction showed that the MWCNTs were grown on the catalyst at all reaction temperatures under study. TEM pictures revealed that the as-grown MWCNTs at 600, 650 and 800°C are short and long with a low graphitization degree. At 700°C a forest of condensed CNTs is formed, whereas both carbon nanofibers and CNTs were formed at 750°C.
Introduction
Hydrogen is considered to be the energy carrier of the future and its production is a subject of current interest for fuel cell applications where it is the preferred fuel. The present commercial production of hydrogen is mainly based on steam reforming and partial oxidation of hydrocarbons and carbonaceous feed stocks, such as natural gas, petroleum fractions and coal [1] [2] [3] [4] [5] . Methane catalytic decomposition (MCD) reaction is moderately endothermic. MCD reaction has been a topic of great interest for a long time [6] . Li et al. [7] proposed a hypothesis to produce CO x -free hydrogen and carbon nanomaterials (CNMs) simultaneously via MCD reaction. Now, the reaction has become an attractive alternative route both for clean hydrogen and for value-added carbon material due to its simplicity in process flow sheet and high efficiency [8, 9] .
An additional advantage of this process is that, in principle, it does not produce carbon dioxide. Therefore, it is extremely environmentally attractive due to the concern of the global warming problems associated with the over load emission of carbon dioxide into the air-sphere of the earth [7] . The products are easily separated because the carbon produced is at solid state and the hydrogen obtained can be used directly by proton exchange membrane fuel cell (PEMFC) without further purification [7] .
Carbon nanotubes (CNTs), discovered by Sumio Iijima in 1991 [10] , have attracted much attention from the research community owing to their superior physical and chemical properties [11] , such as high tenacity, high electron conductivity, superior surface property, excellent field emission property, metal, and semiconductor properties [12, 13] . These properties of CNTs render them to have potential applications in the areas of electronic, energy storage, nanocomposites, and medical field [14] [15] [16] [17] [18] [19] .
The common strategies for synthesizing CNTs can be divided into the following categories: arc-discharge, laser ablation, and chemical vapor deposition (CVD) methods [20] [21] [22] . Arc-discharge and laser ablation methods require high temperatures, i.e., above 1000°C, to synthesize CNTs. Although both processes enable the production of high quality CNTs, both face the limitations of mass and cost-effective production. CVD method is relatively simple, economical, and easy to scale up. CVD has been widely used, owing to its potential to produce large amount of CNTs of high purity and the ease of controlling reaction conditions to produce the desired type of carbon nanostructures. Successful studies have confirmed the effectiveness of bimetallic catalysts in the synthesis of thinwalled CNTs, such as using Ni/Mo [23] [24] [25] .
The present work aims to evaluate the catalytic activity of the traditionally hydrotreating nickel molybdate supported on alumina catalyst for catalytic decomposition of natural gas to hydrogen and CNT. The target of this work is to determine the optimum operating conditions to obtain high yield of these two valuable products (hydrogen and carbon nanotubes).
Experimental

Activation of the catalyst
The commercial unsulfided hydrotreating nickel molybdate catalyst, thankfully, kindly provided by Suez Petroleum Co., Suez City, Egypt, was used. Before carrying out the catalytic runs, the catalyst was activated via drying at 120°C overnight then calcined in air at 550°C for 3 h. The typical composition of the catalyst is 5.2 wt% NiO + 10.96 wt% MoO 3 /Al 2 O 3 .
Apparatus and procedure
In this study, the catalytic runs were carried out using a fixedbed flow reactor made of silica glass tube (15 mm diameter and 100 cm long) packed with 0.5 g of the current catalyst powder which was placed into the hot zone of the reactor tube fitted within a horizontal furnace (Fig. 1 ). The effect of reaction temperature was studied within the range 600-800°C. The catalyst was reduced at 700°C under a hydrogen gas flow rate of 50 sccm (standard cubic centimeters per minute) and kept at this temperature for 2 h to deoxidize the catalyst. Natural gas feed stock was passed on the catalyst with a flow rate of 50 sccm at the desired reaction temperature. The gaseous product was analyzed by online gas chromatograph (PerkinElmer Clarus 580) using RT-Alumina BOND/Na 2 O 4 , 30 m long and 0.53 mm ID, capillary column. The effect of catalyst reduction was studied at 700°C and 50 sccm natural gas flow rate. The effect of natural gas dilution with N 2 (NG/N 2 ratios = 10/40, 20/30, 30/20 and 50/0) was studied at 700°C without reduction of the catalyst. The total flow rate of the diluted feed (NG plus N 2 ) at all runs was 50 sccm. A typical composition of natural gas feed stock is depicted in Table 1 .
Material characterization
Transmission electron microscope (TEM)
Carbon nanotube diameters and morphology were determined using transmission electron microscope (TEM, Model JEM-200CX, JEOL, Japan). A few quantities of the catalyst plus the deposited carbon were dispersed in 10 ml ethanol and sonicated for 15 min. A few drops of the resulting suspension were placed on a covered carbon grid. The catalyst was also characterized by energy dispersive X-ray spectrum (EDS) under TEM.
X-ray diffraction (XRD)
The XRD patterns of the current catalyst under study were carried out using a Phillips X Pert Diffractometer PW 1390 at 40 kV and 30 mA with Ni filter and Cu Ka radiation radiation (k = 0.1541 nm). The diffractograms were recorded at 2h between 10°and 70°.
Thermo-gravimetric analysis (TGA)
Thermogravimetric analysis was performed on SDT Q600 apparatus thermogravimetric analyzer. About 10 mg of sample was placed in the specimen holder made by platinum. Set the initial weight reading to 100% and initiate the heating program at temperature ranging from 35 to 900°C with heating rate of 20°C/min and air flowing of 50 cm 3 /min. The parameters, T onset , T offset and T inflection , were determined from the TGA and differential thermal analysis (DTA) curves by the commercial software package that controlled the instrument. CNT yield for each catalyst was calculated using the following equation:
CNT yield ¼ ð% weight loss by carbon oxidation=% of residue after oxidationÞ Â 100%
Results and discussion
3.1. Effect of reaction temperature on hydrogen production Fig. 2 is a trial to discover optimum temperature at which the reaction of hydrogen production from NG occurs. Hence, temperatures between 600 and 800°C have been examined, with 50°C increments using the current catalyst. Fig. 2 shows that using the Ni-Mo/Al 2 O 3 catalyst, the production of hydrogen from decomposition of NG is accelerated via increasing reaction temperature from 600°C to attain a maximum at 700°C, beyond which the hydrogen production decreases via further increase of temperature up to 800°C. H 2 production reaches its maximum at an initial reaction time-on-stream (TOS) of 5 min, beyond which, H 2 production drops via increasing the reaction time. At 5 min, the increase of reaction temperature from 600 to 800°C increases the hydrogen production from 60.2% to 92.8%, respectively. However, the activity of the catalyst under study for hydrogen production at 800°C is the fastest to deactivate. Deactivation of the catalyst for the decomposition of NG can be attributed to the formation of encapsulating carbon on the active metal sites which hinders further access of the feed molecules to the active metal sites [26] . Again, beyond 5 min TOS, the activity of the catalyst at 650, 750 and 800°C decreased sharply with increasing TOS giving similar activities at 210 min. Based on these results, the optimum reaction temperature for hydrogen production is 700°C. Villacampa et al. [27] have observed that, using Ni/ Al 2 O 3 catalyst, an increase in the reaction temperature led to an increase in the initial rate of hydrogen production. Also, they concluded a faster deactivation of the Ni/Al 2 O 3 catalyst by increasing the reaction temperature. Fig. 3a . It is observed that, the peaks at 2h = 37°, 46°and 66°are due to the diffraction of the alumina support. The nickel and molybdenum oxides are not detected by XRD analysis. It can be deduced that Ni and Mo oxides may be exist in an amorphous phase or in a small crystalline particles which cannot be detected by XRD. At all reaction temperatures under study, metallic nickel is appeared at 2h = 44.2°and 51.5°. The formation of metallic Ni particles can be attributed to the reduction of the current catalyst by hydrogen (2 h at 700°C) and natural gas during the reaction time. Fig. 3b -f represents the XRD pattern for the current catalyst after CNT growth. It is noticed that CNT is formed at all reaction temperatures (600-800°C), where the diffraction peak at 2h = 26.381°refers to the (0 0 2) diffraction of the graphitic framework [28] . Moreover, at higher temperatures (750 or 800°C), the peak for CNT has lower intensity than those at lower temperatures (600-700°C). This indicates that the current Ni-Mo/Al 2 O 3 catalyst produces CNTs with a lower degree of graphitization at 750 and 800°C. Fig. 4a and b shows the TEM and EDS pictures for the Ni-Mo/Al 2 O 3 catalyst after calcination at 550°C. The TEM picture shows a high dispersion of the metallic oxide particles (NiO and MoO 3 ) on the surface of the Al 2 O 3 support (Fig. 4a ). EDS analysis indicates the presence of Ni, Mo, Al and oxygen peaks in the composition of the catalyst under study (Fig. 4b) , in which the other contaminated peaks can be ignored because they may have originated from the sample holder. The catalyst particles contain a large amount of oxygen atoms (independent of metal species), suggesting that they exhibit oxide states. Fig. 5 represents the TEM photographs which indicate that the produced carbon nanotubes are multi-walled. At 600 and 650°C, short and long multi-walled CNTs with diameters of 10-19 nm are produced ( Fig. 5a-c) . However, at 700°C (Fig. 5d ), a forest of dense MWCNTs appears with a large difference in diameter (8.0-28.6 nm). Moreover, almost all CNTs have a hollow tip without a catalyst particle (Fig. 5e ), which indicates that these CNTs are formed according to base growth mechanism. This can be attributed to a strong interaction between the nickel particles of the catalyst and the alumina support. The particles of the current catalyst at 700°C appear to be more dispersed than those at the lower temperatures.
Effect of reaction temperatures on carbon nanotube synthesis
A previous study by He et al. [29] indicated that at higher temperatures, the atoms in the catalyst particles can migrate easier via diffusion than at lower temperatures. Thus, the geometry of a large catalyst particle can be reshaped more easily at a higher temperature for CNT nucleation and growth. The ability of catalyst particles to change their shape can explain why higher yield and larger diameter CNTs are produced at higher temperatures than at lower temperatures. At lower temperatures, only those catalyst particles that are smaller than a critical size can nucleate CNTs [30] . In contrast, at higher temperatures, larger particles can also nucleate CNTs by changing their shapes to accommodate CNT nucleation. In the present work, at 700°C reaction temperature, more catalyst particles are available for CNT nucleation and growth than at the lower temperatures (600 and 650°C).
At 750°C, a mixture of carbon nanotube and carbon nanofiber (CNF) is formed (Fig. 5f ). The diameter of CNTs becomes larger (15-30 nm) . This can probably be attributed to the agglomeration of the metal particles at higher temperatures. The produced CNF has a diameter around 75 nm. Moreover, zigzag, straight and curved types of CNTs are also formed at 750°C ( Fig. 5f and g) .
It is generally accepted that carbon nano-materials are formed by decomposition of the carbon source and the formation of the elemental carbon at the catalyst surface. After the carbon atom dissolves and diffuses through the bulk of the metal particle, it precipitates in the form of graphite planes at the rear face of the metallic particle [27, 31] .
In this study, high reaction temperature (750°C) seems to promote the decomposition of methane to increase the concentration of carbon atoms, which will increase the growth rate of CNTs to form large diameters. Moreover, the dissolving and diffusing rates of carbon atoms will increase and reach the internal area of the catalyst particle to form carbon nanofiber. At 800°C (Fig. 5h ), there are some more agglomerated particles of the catalyst formed by the effect of higher temperatures. Also, short and long multi-walled CNTs are formed with large diameters and low homogeneity along these tubes (Fig. 5i ).
As general, Mo has been reported to present synergism when combined with other transition metals in bimetallic catalysts, having a drastic effect in both the yield and the morphology of the as-produced CNT bundles. It was thought that Mo is absolutely necessary for the preparation of CNT bundles. Tang et al. [32] had systematically investigated the influence of the different ratios of Mo and cobalt on the synthesis of CNTs. Mo has been found to have a drastic effect on both the yield and the morphology of the CNT bundles and to be necessary for their preparation.
Another aspect around the role of Mo metal as an ideal promoter for catalyzing the decomposition of hydrocarbons into carbon nanostructure materials is the great ability of this metal oxide to be reduced into Mo carbides at the initial stage of the reaction. It is well established and documented that the molybdenum is known to be the most promising catalytic center for enhancing the aromatization of methane under non-oxidative conditions [33] . Aboul-Gheit and Awadallah observed that natural gas was completely decomposed to C especially Mo 2 C and H 2 over 6 wt% Mo/H-ZSM5 promoted with Pd, Ir, Cr, Cu, Zn or W catalysts at 5 min time-on-stream [34] [35] [36] . These carbides could continually provide the active centers (i.e. Ni) by carbon before the nucleation step. This suggests that the presence of Mo may facilitate the solubilization of carbon on the surface of Ni particle on the catalyst. Nakamura et al. [23] stated that the Mo carbide and Ni play different roles in the synthesis of the thin CNTs, in which Ni is responsible for the dissociation of CH 4 into carbon and Mo 2 C that works as a carbon reservoir.
The TGA (Fig. 6 ) determines the thermal stability and purity of as-grown CNTs using the current Ni-Mo/Al 2 O 3 catalyst as evident from the weight loss curves at different reaction temperatures (600-800°C). The graphitization of the MWCNTs can be investigated by the TGA experiments as shown in Table 2 and Fig. 6 . The oxidative stability of carbon nanotubes is influenced by defect sites in graphite [37] and nanotube diameters [38] . The onset, inflection and offset (end) temperatures listed in Table 2 represent the temperature at the initial weight loss, the maximum weight loss, and the final weight loss, respectively. The higher inflection temperature and the smaller difference between the onset and end temperature form a better graphitized MWCNTs [39] . Fig. 6 and Table 2 illustrate that, the lowest weight loss of carbon, the highest inflection temperature (710°C) and the largest difference between the onset and the end temperatures are attained at 800°C. Consequently, the formation of low graphitized and large diameter CNTs is produced at this temperature (800°C). On the other hand, at 700°C, the largest weight loss of carbon 3.3. Effect of pre-reduction of the catalyst on hydrogen production Fig. 7 compares the catalytic behavior of the current Ni-Mo/Al 2 O 3 catalyst with and without pre-reduction at 700°C using 50 sccm natural gas flow rate. Using the unreduced catalyst, at 5 min TOS, the reaction does not occur. However, at 30 min TOS, the hydrogen production jumps to attain 65.0%, then slows down gradually as a function of TOS to reach a value of 29.2% hydrogen at 270 min TOS, beyond which hydrogen production remains unchanged. The higher catalytic decomposition activity of reduced catalyst at 5 min is principally attributed to the presence of metallic form of the active Ni metal. Contrary, the produced hydrogen is consumed for deoxidizing the metal oxide during 30 min TOS using the unreduced catalyst. On the other hand, using the reduced catalyst, the production of hydrogen amounts to 87.8% at the initial 5 min TOS, then drops to reach 67.0% at 30 min and remains unchanged till 90 min, beyond which, the hydrogen production declines with a further increase of time. Moreover, there is no large difference between the efficiency of the catalyst before and after reduction at almost all TOS under investigation.
Effect of dilution of NG with N 2 on hydrogen and CNT production
The dilution effect of NG with N 2 (NG/N 2 ratios = 10/40, 20/ 30 and 30/20) on the production of hydrogen and CNT, at 700°C using Ni-Mo/H-ZSM-5 catalyst without pre-reduction is depicted in Fig. 8 . Moreover, the activity of the catalyst using NG feed without dilution with N 2 (NG/N 2 ratio = 50/ 0), is presented for comparison. It is evident that at dilution ratio of NG/N 2 = 10/40, the activity of this catalyst for hydrogen production decreases gradually with time-on-stream. However, the amount of hydrogen reaches a constant high value of $78% after 300 min, using a feed ratio of 20:30 NG to N 2 , which is the optimum dilution ratio for hydrogen production. On the other hand, using the undiluted NG feed, the hydrogen production is continually decreased as a function of time-on-stream, which can be attributed to fast deactivation of the catalyst. Filament growth ceases when sufficient carbon accumulates on the free metal surface to cause encapsulation by a carbon layer. Besides, it was postulated that the metallic catalyst was not deactivated by poisoning or changing the surface structure [40] . At longer TOS, i.e., beyond 300 min, the catalytic activity according to the dilution ratios can be arranged in the following order: 20/30 > 30/20 > 10/40 > 50/0. TEM images in Fig. 9 show that MWCNTs are formed at all concentrations of NG in N 2 . It can also be observed that the nanotubes become thinner and denser using the feed ratio of NG/N 2 = 30/20. Furthermore, at this ratio, the produced CNTs have a small diameter range of (8-15 nm), whereas using 10/40 and 20/30 ratios, the ranges of CNTs diameters are $7-22 and 11-26 nm, respectively. TGA data in Fig. 10 and Table 3 show that using the dilution ratio of 30/20, the highest inflection temperature (718°C) and the smallest difference between the onset and end temperatures are gained. This indicates the formation of the ideal graphitized carbon nano-materials. Previous work indicated that the presence of nitrogen can enhance carbon diffusion into the catalysts [41, 42] . In the present work, it is observed that the activity of the catalyst for CNT formation, using the diluted feed, is higher than its activity using the undiluted feed (Table 3 ). For instance, the yield of CNT amounts to 270%, 334% and 669% using the dilution ratios of 10/40, 20/30 and 30/20, respectively. However, using the undiluted feed of NG, the yield of CNTs amounts to 264%. This lower activity of the catalyst for CNT formation, using the undiluted feed, can be attributed to a fast deactivation of the catalyst. Therefore, one of the requirements for CNTs or hydrogen production is that the decomposition of natural gas should be controlled by dilution of the feed to inhibit the deactivation of the catalyst.
Conclusion
The effect of reaction parameters; temperatures, catalyst prereduction and feed composition on the direct conversion of natural gas into H 2 and MWCNTs have been investigated over Ni-Mo/Al 2 O 3 catalyst. The optimum conditions for production of hydrogen and MWCNT were at temperature of 700°C and a flow rate of 50 sccm NG (without dilution with N 2 ). At 750°C reaction temperature, carbon nanotubes and carbon nanofibers are formed. There was no significant difference between the efficiency of the catalyst before and after its reduction toward hydrogen production, particularly during the long time-on-stream range. Using the dilution ratio of NG/ N 2 = 20/30, the catalyst exhibits the highest yield and long operating life time toward H 2 production. However, using the dilution ratio of 30/20, the maximum yield of CNTs is produced (669%). The diameters of the produced MWCNT increase with increasing the reaction temperature from 600 to 800°C. Thermo-gravimetric analysis data anchored that the highest yield of MWCNTs was achieved at 700°C.
